While individual water molecules adsorb strongly on a talc surface (hydrophilic behavior), a droplet of water beads up on the same surface (hydrophobic behavior). To rationalize this dichotomy, we investigate the influence of the microscopic structure of the surface and the strength of adhesive (surface-water) interactions on surface hydrophobicity. We show that at low relative humidity, the competition between adhesion and the favorable entropy of being in the vapor phase determines the surface coverage. However, at saturation, it is the competition between adhesion and cohesion (water-water interactions) that determines surface hydrophobicity. The adhesive interactions in talc are strong enough to overcome the unfavorable entropy, and water adsorbs strongly on talc surfaces. However, they are too weak to overcome the cohesive interactions, and water thus beads up on talc surfaces. Surprisingly, even (talc-like) surfaces that are highly adhesive, do not fully wet at saturation. Instead, a water droplet forms on top of a strongly adsorbed monolayer of water. Our results imply that the interior of hydrophobic zeolites suspended in water may contain adsorbed water molecules at pressures much smaller than the intrusion pressure.
A. Introduction
Wetting properties of minerals in soils and rocks play a crucial role in the transport, and thus availability, of water and oil. Clay minerals are particularly interesting, not only due to their abundance in nature and in synthetic materials, but also because the existence of clays with different structures allows us to investigate the effect of surface microstructure on macroscopic properties. Clay surfaces can be either charge-neutral or have a net charge, which is balanced by counter-ions in solution. Molecular simulation has furthered our understanding of both these types of clays: uncharged clays have been studied using both ab-initio 1,2 and classical simulations 3, 4 , whereas simulations of charged clays have provided insights into interlayer properties [5] [6] [7] [8] , swelling [9] [10] [11] [12] , and cation exchange [13] [14] [15] . These studies have shown that the surface microstructure is expected to be more important in determining surface-water interactions in uncharged clays 16, 17 , and it is these surfaces that are the focus of the current work. Among uncharged clays, talc surfaces have attracted a lot of attention [18] [19] [20] , because of their peculiar behavior with respect to water. Water adsorption at low relative humidity (RH) reveals the presence of strong binding sites on talc 21 . Such strong binding sites are absent in other uncharged clays such as pyrophyllite and fluorotalc. Yet, experimental contact angles indicate that the surface of talc monocrystals is hydrophobic, similar to that of pyrophyllite 22, 23 .
To investigate this dichotomy, here we employ molecular dynamics simulations combined with recently developed algorithms 24, 25 . In agreement with experiments, we find that at low RH, talc surfaces display hydrophilic behavior as water adsorbs strongly to the binding sites on the surface. However, at saturation, cohesive interactions dominate and the interaction between the surface binding sites and water is minimal, resulting in a hydrophobic surface.
To further explore the role of surface microstructure and the strength of the adhesive interactions on surface hydrophobicity, we also study similar clay minerals, pyrophyllite and fluorotalc, as well as modified talc surfaces with a range of binding site polarities, both at low relative humidity and at saturation. We find that the dual hydrophilic-hydrophobic behavior observed in talc, is generically expected to manifest for surfaces whose adhesive interaction energy lies in a special range. If the adhesion to water is strong enough to overcome the entropy of being in the vapor phase at low RH, water adsorbs strongly to the surface (hydrophilic behavior). At the same time, if adhesion is too weak to overcome the cohesive interactions in water, the surface is hydrophobic at saturation. For modified talc surfaces with strong enough adhesion to overcome the cohesive interactions, all surface binding sites are occupied by water molecules at saturation, as expected. Surprisingly, instead of observing complete wetting, we find that a water droplet sits atop the adsorbed water monolayer.
B. Microscopic Models
Talc, fluorotalc and pyrophyllite are uncharged clay minerals, i.e., We use the CLAYFF force field 3 to model the interactions of the clay atoms and the SPC/E model to describe water 26 . Lorentz-Berthelot combination rules are used to determine the pair Lennard-Jones parameters and a rigid clay structure is assumed. As there are no parameters for fluorine in CLAYFF, we assigned it a charge equal to that of the -OH group in talc (-0.525) and Lennard-Jones parameters of the fluoride ion reported in Ref. 27 .
All simulations were performed in the NVT ensemble using the LAMMPS simulation package 28 at a temperature, T = 300 K, maintained using a Nose-Hoover thermostat 29 . SHAKE was used to integrate the motion of the rigid water molecules 30 and long-range electrostatic interactions were computed using Ewald summation. 
Contact angle
The simulation setup for contact angle measurements is shown in 1(c). The contact angle is determined by computing water density maps in the plane of the center-of-mass of the drop. The curve with density equal to half of the bulk density is then fit to a circle and the angle between the tangent to this circle at z S = 7Å and the horizontal axis is taken to be the contact angle. While the exact quantitative value of the contact angle depends on the choice of z S , our qualitative findings do not.
Water vapor adsorption
The adsorption of water vapor at low RH corresponds the interaction of an isolated water molecule with the surface. To determine the corresponding adsorption free energy, ∆µ ads , we compute F(z) using umbrella sampling, with the weighted histogram analysis method (WHAM) 31,32 being used to reconstruct F(z) from the biased trajectories.
D. Hydrophobicity at low and high RH
Using the various molecular measures of hydrophobicity described above, we study talc, as well as fluorotalc and pyrophyllite surfaces, both at saturation and at low RH. surfaces display an enhanced probability of density depletion or a low N fat tail in the P v (N ) distribution, while P v (N ) near hydrophilic surfaces is similar to that in bulk water 24 . As shown in 2(a), P v (N ) near all three clay surfaces displays a low N fat tail, indicating that these surfaces are hydrophobic. A slight lifting of the fat tail from talc to fluorotalc and pyrophyllite suggests a corresponding marginal increase in hydrophobicity. It also shifts the location of the minimum out by ≈ 1Å as the water is no longer strongly bound to the surface. Pyrophyllite, with the hydroxyl group parallel to the surface has an even smaller ∆µ ads ≈ −2.8 kcal/mol, and the minimum is shifted out even more.
To compare our estimate of ∆µ ads from simulations to experimental data, we analyzed the data of Michot et al. 21 using a Langmuir model. This model assumes that there are no interactions between the adsorbed molecules and predicts a surface coverage, Θ = (P/P * )/(1 + P/P * ). P * is the pressure at which half of the surface sites are occupied and is related to ∆µ ads through
where σ max ≈ 4.2 nm −2 is the surface site density, δ ≈ 1 − 2Å is the width of the surface layer, i.e. the width of the PMF well in 2(c), and 1/β = k B T is the thermal energy.
In the very low RH limit, corresponding to single water adsorption, we can safely assume that water molecules do not interact with each other. In this regime, Θ ≈ P/P * and the data in Figure 11 of Ref. 21 , allow us to obtain an experimental estimate of P * ≈ 0.056P sat for the talc surface. Here, P sat = 30 mbar is the saturation pressure of water. Using this value of P * in equation 1, we get an experimental estimate of ∆µ ads ≈ −8 kcal/mol 46 . This somewhat stronger adsorption than that predicted from simulations using CLAYFF (-5.9 kcal/mol), is consistent with the overestimate of the CLAYFF talc contact angle.
If we further assume that the adsorbed water molecules do not interact with each other even at higher RH, the Langmuir model (with P * = 0.056P sat ) predicts that Θ ≈ 0.9 at 50%
RH. As water coverage on the talc surface can be large even at moderate RH, interactions between water molecules may be important, consistent with suggestions that clustering needs to be considered 21, 47 . In contrast, for fluorotalc Θ at saturation estimated from ∆µ ads is very small (≈ 1.5%), in agreement with the hydrophobic adsorption behavior reported in Figure   10 of Ref. 21 .
Thus, the clay surfaces simulated using the CLAYFF force field are more hydrophobic than the real clay surfaces used in experiments. However, the interesting dichotomy of talc surfaces is also observed in the simulations and our findings are qualitatively consistent with the experiments, both at low RH (strong adsorption for talc and not the other clays) and at high RH (large contact angles for all clays).
E. Cohesion vs Adhesion
To investigate the disparate behavior of talc surfaces at low and high RH, we compare To explore the competition between adhesive and cohesive interactions in talc, in 3, we compare F(z) for an individually adsorbed water, with that for water in a dimer, and that for water at saturation. As shown in 3, the F(z) for the dimer displays two minima. The minimum corresponding to the molecule inside the cavity is shifted to slightly larger values compared to the minimum in the F(z) for a single water. In addition, the depth of the minimum is smaller, and is comparable to that for a single water on the more hydrophobic fluorotalc surface [2(c) and 3]. In other words, the presence of the second water weakens the adhesive surface-water interactions, which have to compete with the cohesive interactions between the waters. As the dimer is less tightly bound to the surface than a single water, it is easier for the water to escape the cavity in the presence of a second molecule. The dimer is in fact more mobile on the talc surface than isolated water molecules (not shown), confirming that the interaction of the surface with the dimer is weaker than with individual molecules. Finally, at saturation, cohesive interactions prevail, and water no longer occupies the binding site cavity as evidenced by the lack of a minimum in F(z) for 3Å < z < 5Å.
F. Modified Talc Surfaces
While the H-bonding between binding sites on the talc surface and water leads to an interesting transition from hydrophilic at low RH to hydrophobic at high RH, the binding sites interact weakly with water in fluorotalc and pyrophyllite, which display hydrophobic behavior for all RH. To investigate the effect of the binding strength on the hydrophobicity of the surface, following Giovambattista et al. 48 , we construct a series of modified talc surfaces.
The only force field parameters that are changed are the charges on the oxygen (from q O = −0.95 to q O − δq) and the hydrogen (from q H = 0.425 to q H + δq) of the hydroxyl group. We study modified talc surfaces for δq ranging from -0.425 which corresponds to a non-polar binding site similar to that in fluorotalc, to +0.6 which corresponds to an ion-pair. δq = 0 is the talc surface, by definition.
In 4(a), we show F(z) for an isolated water molecule on the modified talc surfaces. As the polarity of the -OH bond is increased, the magnitude of ∆µ ads also increases, providing us with surfaces that display a wide range of binding strengths. At low RH (≡ P/P sat ), the competition between the adhesive interactions and the entropy of being in the vapor determines the surface coverage, Θ. At very low RH , there are no interactions between adsorbed waters and Θ can be approximated as :
where the second part of the equation is obtained by substituting for P * using Equation (1), and using appropriate values of the constants that depend on the surface geometry, σ max and δ, and those that depend on thermodynamic conditions, T and P sat .
For surfaces with small adhesive interactions, i.e., −∆µ ads < 5 kcal/mol (or −β∆µ ads < Our modified talc surfaces are different from these previous studies in that the variation in polarity was achieved by changing the charges on atoms in recessed binding sites, while the remaining surface atoms remained the same. In contrast, in ref. 50 , the surface was modified by changing dipoles that protrude from the surface, while leaving the remaining surface atoms unchanged; whereas in ref. 51 , the charges on all atoms in the top two layers of an FCC crystal (111 facet) were changed to tune the polarity. Thus, our results indicate that the microstructure of the surface is important in determining the effect of polarity on its wetting properties.
In contrast to the wetting properties of the model FCC surfaces used in ref. 51 41 . We speculate that the hydrophobicity of these metal surfaces arises from the presence of a monolayer of water, which binds strongly to the surface in a geometry that inhibits hydrogen bonding to the subsequent liquid water molecules.
Our results also have implications on the wetting properties of nanoporous silicates such as hydrophobic zeolites [56] [57] [58] and metal-organic frameworks 59 . These hydrophobic pores are thought to be devoid of water at ambient conditions, with water intrusion into the pores occurring only at sufficiently high water pressures. Our results suggest that in the presence of strong binding sites, these nanoporous materials may contain strongly adsorbed water molecules, even at lower pressures. If the resulting water-covered surface is hydrophobic, no further filling of the pores (analogous to wetting for planar surfaces) would be observed at ambient pressures, and intrusion would occur only at higher pressures.
To investigate the hydrophobicity of talc surfaces at saturation, obtained using the two Table 2 : Atomic coordinates in the pyrophyllite unit cell. Subscripts for oxygen differentiate bridging (B), tetrahedral (Td) and octahedral (Oh) atoms. 
